We have prepared the (5-chloro-quinolin-8-yloxy) acetic acid and characterized it by using infrared, Raman and multidimensional nuclear magnetic resonance spectroscopies. The density functional theory (DFT) together with the 6-31G* and 6-311++G** basis sets were used to study its structure and vibrational properties. Three stable conformations of the compound were theoretically determined in gas phase and probably these conformations are present in the solid phase. The harmonic vibrational wavenumbers for the optimized geometries were calculated at the same theory levels. For a complete assignment of the observed bands in the vibrational spectra, the DFT calculations were combined with Pulay's scaled quantum mechanical force field (SQMFF) methodology in order to fit the theoretical wavenumber values to the experimental ones. Besides, the force constants of the three conformers of (5-chloro-quinolin-8-yloxy) acetic acid were calculated and compared with those obtained by us for the 2-(quinolin-8-yloxy) acetic acid. In addition, the characteristics of the electronic delocalization of those structures were performed by using natural bond orbital (NBO), while the corresponding topological properties of electronic charge density are analysed by employing Bader's atoms in molecules theory (AIM).
Introduction
Heterocyclic compounds that contain the (quinolin-8-yloxy) moiety exhibit a wide range of biological properties [1] [2] [3] [4] [5] , such as the 2-(quinolin-8-yloxy) acetohydrazones that have antiamoebic activities [5] for which, the structural and vibrational study of these types of compounds are of great chemical and pharmaceutical importance. Recently, a complete vibrational analysis of all observed bands in the vibrational spectra of 2-(quinolin-8-yloxy)-acetic acid [6] was performed by means of the DFT calculations combined with Pulay's scaled quantum mechanical force field (SQMFF) methodology [7] [8] [9] . In that study, the normal mode calculations were accomplished by using a generalized valence force field (GVFF) [8, 9] considering three different structures for the anhydrous and monohydrated compounds. In the present work, we report an experimental and theoretical vibrational study of (5-chloro-quinolin-8-yloxy) acetic acid (CQA) by means of the B3LYP calculations using 6-31G* and 6-311++G** basis sets. For a complete assignment of the compound, the DFT calculations were combined with the SQMFF methodology [7] [8] [9] in order to fit the theoretical wavenumber values to the experimental ones. So far, the crystal and molecular structure of (5-chloro-quinolin-8-yloxy) acetic acid has not been determined. First, we have synthesized and characterized the compound and then, the optimized geometries and frequencies for the normal modes of vibration of CQA considering three different stable structures were calculated in order to carry out a complete assignment of all observed bands in the infrared and Raman spectra. Here, the normal mode calculations and the force fields for those structures were obtained by using the transferable scaling factors of Rauhut and Pulay [9] while the harmonic force constants were subsequently scaled to reproduce as well as possible the experimental frequencies. Thus, a complete assignment of the compound in terms of the potential energy distribution was performed. Furthermore, when the forces constants values of this compound were compared with those corresponding to the 2-(quinolin-8-yloxy)- 
Infrared and Raman Spectra
The infrared spectrum of the solid substance was recorded in KBr pellets in the wavenumbers range from 4000 to 400 cm −1 with a FT-IR Perkin Elmer spectrometer, provided with a Globar source and a DGTS detector. FT-Raman spectrum of the crystalline solid was recorded on a Bruker RFA 106/S FT-Raman instrument using the 1064 nm excitation line from an Nd: YAG laser in the region of 4000 -0 cm −1
. Two hundred scans were accu mulated at 4 cm −1 resolution using a laser power of 150 mW.
Computational Details
The potential energy curves associated with the internal rotation described by the C21-C18-O17-C10 dihedral angle for CQA were studied at the B3LYP/6-31G* and 6-311++G** theory levels. With both calculations, two conformations stable, named, C I and C II , according to the position of the OH group in relation to the N atom of the ring were obtained. Another plane structure was also considered (C III ) in agreement with the experimental structure of the 8-(carboxymethoxy) quinolinium nitrate monohydrate compound [14] . The structures and labelling of the atoms for all conformers of CQA can be seen in Figure 1 . The electronic charge density topological analysis for those structures were performed by using the AIM200 program package [15] while the NBO calculations were obtained by means of the NBO 3.1 [16] program, as implemented in the GAUSSIAN 03 package [17] . The natural internal coordinates for the compound have been defined as those reported in the literature [7, 8, 18] and are listed in the Supporting Material as Table S1. The resulting force fields were transformed to "natural" internal coordinates by using the MOLVIB program [19, 20] . Then, following the SQMFF procedure [7] [8] [9] 21] , the harmonic force fields for those structures were evaluated at the B3LYP/6-31G* level. The potential energy distribution components (PED) higher than or equal to 10% were subsequently calculated with the resulting SQMFF. The nature of all vibration modes was carried out by means of the Gauss View program [22] . Table S2 (Supporting Material) shows the comparison of the total energies for the compound, and the corresponding dipole moment values for the C I , C II and C III conformers of C1 symmetries. With both methods, the energy of the C I is lower than the other ones, as was observed in the compound without chlorine [6] , and the potential energy difference between the C I and C II forms, by using the B3LYP/6-31G* and B3LYP/6-311++G** methods, are −43.80 and −46.43 kJ/mol, respectively. When the C I conformer is compared with the planar ones the potential energy difference values slightly by using both basis sets decrease up to −27.80 and −32.36 kJ/mol, respectively.
Also, in this case, the high values of the dipolar moments for the C I structures could probably explain its stabilities, as was observed in similar molecules [6, [23] [24] [25] . Table 1 shows a comparison of the calculated geometrical parameters for all structures of CQA, with the ones corresponding to that observed from X-ray diffraction for the 8-(carboxymethoxy) quinolinium nitrate monohydrate compound [14] by means of the root mean of square deviations (rmsd) values. Note that the 6-311++G** basis set reproduce reasonably well the theoretical bond lengths for the C I structure (0.019 Å) and the bond angles for the C III structure (2.00˚), as is expected because this last conformer is planar as that compared compound [14] . Besides, the calculation predicts that the C I and C III conformers are the most stable and probably both are present in the crystalline state.
The stabilities of the C II and C III structures of CQA, in relation to the C I structure, were investigated by using the natural atomic charges [26] [27] [28] [29] and the results are given in Table S3 . Note that the natural charges values (NPA) corresponding to the C21 atoms have the most positive values in all structures while the most negative values correspond to the O23 atoms. In this compound, as in 2-(quinolin-8-yloxy)-acetic acid [6] , the higher NPA charges observed on the O17 and O22 atoms in the C II structure justified the repulsion between those atoms. This way, the C II structure is more unstable than the corresponding to the C I and C III conformers. The bond orders, expressed by Wiberg's index for all conformers of CQA are given in Table S4 . The bond order values for the O23 atoms in all conformers have the lowest values (belong to the COO groups) than the other ones (the O17 and O22 atoms belongs to the heterocyclic rings), while the bond orders for the N16 atoms have higher values.
NBO Study
The stability of the three structures of CQA was also investigated by means of NBO calculations [10] [11] [12] . The second order perturbation energies E (2) (donor  acceptor) that involve the most important delocalization all conformers of CQA are given in Tables S5, S6 . The contributions of the stabilization energies for the ET * charge transfers are similar to those obtained for the 2-(quinolin-8-yloxy)-acetic acid compound [6] .
Here, the delocalizations ET LP* for the C II structure has lower values than the ET * delocalizations, and the calculated total energy values favours to the C I and C III conformers, which structures are the most stable in the gas phase. Thus, the total energy values clearly show the higher stability of the C I conformer however, by using the 6-311++G** basis set, the C II and C III conformers have the same ones approximately total energy values.
AIM Analysis
Furthermore, the three structures of CQA were analysed by means of Bader's charge electron density topological analysis [13] . The calculated electron density, () and the Laplacian values,  2 (r) in the bond critical points (BCPs) and ring critical points (RCPs) for those structures are shown in Table S7 . The BCP has the typical properties of the closed-shell interaction and for this, the value of ρ(r) is relatively low, the relationship | 1 |/ 3 is <1 and  2 (r) is positive indicating that the interaction is dominated by the charge contraction away from the interatomic surface toward each nucleus. Note that the results are clearly dependent of the size basis set. Thus, the analysis shows two BCPs and RCPs in the C I structure when the 6-31G* basis set is employed but, only one BCP and RCP when the 6-311++G** basis set is used. On the contrary, for the C II structure with both basis sets only one BCP and RCP are observed while for the C III structure there is one BCP with the 6-31G* basis set. These results, togheter to the NBO analysis, justify the stabilities of the C I and C II structures due to the presence of short intramolecular O17-H24 and N16-H24 bonds, in the first case and only a N16-H19 bonds in the sec-ond one, as observed in Table S7 .
Vibrational Analysis
The Figures 2, 3 show the registered infrared and Raman spectra for the compound in solid phase. In this study, in accordance with the NBO and AIM results, the three structures for the compound in gas phase were considered. The CQA's structures have C 1 symmetries and 66 normal vibration modes, all active in the infrared and Raman spectra. Probably, the three species are present in the solid phase because the comparison of each vibrational spectrum with the corresponding experimental one is very different among them, as observed in Figure 4 , however, a comparison between the average calculated infrared spectra (from B3LYP/6-31G* level for the C I , C II and C III conformers) by using average wavenumbers and intensities with the corresponding experimental one demonstrate a good correlation, as observed in Figure S1 . Thus, the resulting IR spectrum reproduces rather well some bands of the experimental spectrum, especially in the 2000 -400 cm −1 region. The assignment of the experimental bands to the expected normal vibration modes were made on the basis of the PED in terms of symmetry coordinates and taking into account the corresponding assignment of related molecules [6, [30] [31] [32] [33] [34] . Tables 2,  S8 -S10 show the experimental and calculated frequentcies, potential energy distribution based on the 6-31G* basis set, and assignment for the C I , C II and C III structures of CQA. In a similar way as observed in the molecular packing of the 2-(2'-furyl)-1H-imidazole [23] , 2-(2'-furyl)-4,5-1H-dihydroimidazole [27] and tolazoline hydrochloride molecules [35, 36] , the broad band with several shoulders between 2800 and 1900 cm −1 can be attributed to the N-H and O-H hydrogen bondings formed by the spatial arrangement of molecules in the lattice crystal.
Here, the B3LYP/6-31G* calculations were considered because the used scale factors are defined for this basis set. The SQM force fields for this compound can be obtained upon request. Below we discuss the assignment of the most important groups.
Assignments

OH Modes
The weak bands in the IR spectra at 3569, 3432 and 3149 cm −1 , in accordance to the values reported for similar molecules [30, 33, 34] , can be assigned to the O-H stretching vibrations of the three conformers, as observed in Table 2 . The width and shape of these bands shows clearly the typical spectroscopic signature of an H-bond interaction (inter or intramolecular). In accordance to that reported value for the benzoic acid [33, 34] and to the theoretical calculations, the corresponding deformation modes of this group are assigned, for those conformers, to the strong IR bands at 1368, 1280 and 1254 cm −1 , for the C I , C III and C II conformers, respectively. The out-ofplane deformation mode (OH or OH) in the 4-hydroxybenzoic acid dimer [28] is calculated at 877 cm −1 while in CQA that mode is assigned for the C I conformers to the strong band in the IR spectrum at 760 cm −1 and to the very weak band in the same spectrum at 504 cm
for the C III conformer while for the C II conformers that mode is assigned to the shoulder in the Raman spectrum at 409 cm
. This last band in the C p conformer of 2-(quinolin-8-yloxy)-acetic acid [6] is assigned to the weak IR band at 497 cm , as observed in Table 2 . On the other hand, the six expected out-of-plane .
CH 2 Modes
The group of bands in the 3006 -2923 cm −1 region of the Raman spectra are assigned to the antisymmetric and symmetric stretching modes of this group in agreement to similar compounds [26, 32] . The scissoring modes for the three conformers of CQA can be assigned to the shoulder in the IR spectrum and to the weak Raman band respectively at 1423 and 1431 cm −1 . The shoulder in the IR spectrum and the weak Raman band at 1423 cm −1 and the band of medium intensity at 1386 cm −1 are assigned to the wagging modes of this group, as predicted by calculation, while the strong bands and the shoulder at 1280, 1254 and 1251 cm −1 are assigned to the rocking modes. The twisting mode for all CQA conformers are associated with the shoulders in the IR spectrum at 954 and 948 cm −1 as was observed in the 2-(quinolin-8-yloxy)-acetic acid [6] .
COO Modes
The C=O stretching mode, for the C I conformer of CQA is calculated at 1792 cm −1 , it is at lower wavenumber than the other conformers (1823 and 1814 cm −1 , C II and C III conformers, respectively). On the other hand, for the benzoic acid the C=O stretching mode is predicted between 1786 and 1608 cm −1 while the C-O stretching mode are assigned between 1359 and 1334 cm −1 [33, 34] . Hence, the IR bands of the media intensities and the strong IR band at 1892, 1854 and 1696 cm −1 are clearly assigned to the C=O stretching modes, as predicted by the calculations while the the Raman and IR bands respectively at 1219 and 1107 cm −1 are assigned to the C-O stretching mode corresponding to the three conformers of CQA. In the 4-hidroxybenzoic acid dimer [30] the two (COO) modes are predict at 772 cm Table 2 . The rocking modes of COO groups are predicted between 439 and 335 cm , and the shoulders in the same spectrum at 1395, 1238 and 836 cm −1 are associated to the C-C stretching modes, as observed in Table 2 . The strong band and the shoulders in the IR spectrum respectively at 1254, 1395 and 1251 cm −1 are associated to the C-N stretching modes. A very important observation in this compound is related to the C-Cl stretchings mode because for the C I conformer is predicting at higher wavenumber than the other ones. Thus, the IR band at 813 cm −1 is assigned to that mode for the C I conformer while the very weak Raman band at 386 cm −1 are assigned to those modes for the remains conformers. The six phenyl ring deformations and torsions modes for the three CQA's conformers, as the calculation predicts and taking into account the assignments for similar molecules [30] [31] [32] [33] [34] , are assigned in the expected regions, as observed in Table 2 . Finally, the butterfly modes are predicted by the calculations between 188 and 168 cm −1 , for this, they are assigned to the weak Raman band at 173 cm −1 , as observed in Table 2 .
Force Field
The calculated forces constants for the three CQA's conformers are given in Table 3 and they were calculated by means of the scaling procedure of Pulay et al. [7, 8] with the MOLVIB program [19, 20] . The C=O stretching force constants values for the C II and C III conformers (14.16 and 14.10 mdyn·Å −1 , respectively) are higher than the corresponding to the C I structure (13.62 mdyn·Å ) in relation to the others (see Table 1 ). The formation of a H bond (OH-O) in the C I structure through the OH group and the lower C-O-H angle value in this structure (112.4˚) justifies the lower f(OH) force constant value in this structure (6.11 mdyn·Å 
(O=C=O), f(H-C-H) and f(C-O-H)
force constant values for the C I structure in relation to the others are also attributed to the geometri-cal parameters. On the other hand, the analysis of the force constants for all conformers of this compound with the values for 2-(quinolin-8-yloxy) acetic acid [6] show that the values are higher in CQA, with exeption of the f(C-O) force constant. An explanation can be probably due to that the chloro atom increase the topological properties of the RCPs in the C I conformer and as conesquence decrease the O-H distance increasing the C-O distance in this conformer in relation to the 2-(quinolin-8-yloxy) acetic acid [6] .
HOMO-LUMO Energy Gap
The frontier molecular HOMO and LUMO orbitals were calculated for 2-(quinolin-8-yloxy) acetic acid and compared with the corresponding values for the (5-chloroquinolin-8-yloxy) acetic acid [37] , as observed in Table  S11 . The results show clearly that both orbitals are mainly localized on the rings, indicating that the HOMO-LUMO are mostly the π-antibonding type orbitals and that the values of the energy separation between those orbitals are higher in the 2-(quinolin-8-yloxy) acetic acid than in CQA. This large HOMO-LUMO gap for the 2-(quinolin-8-yloxy) acetic acid automatically means high excitation energies for many excited states, a good stability and a high chemical hardness. For these reasons, the presence of a Cl atom in CQA increases the reactivity compared to the 2-(quinolin-8-yloxy) acetic acid. Tables 4, 5 13 C shifts show a good concordance for the three conformers when the 6-311++G** basis set is used. Thus, Table 4 shows that the calculated 13 C chemical shifts with the GIAO method using the 6-311++G** basis set are in accordance with the experimental values. In general, the calculated shifts for the 13 C nuclei are higher than the corresponding experimental values.
NMR Analysis
Conclusion
The (5-chloro-quinolin-8-yloxy) acetic acid was synthesized and characterized by infrared, Raman and NMR spectroscopic techniques. The presence of C I , C II and C III conformers was detected in both spectra, and a complete assignment of the vibrational modes was accomplished. The B3LYP/6-31G* and B3LYP/6-311++G** calculations suggest the existence of three conformers for CQA in the gas phase and, probably, the three are present in the solid state. An SQM/B3LYP/6-31G* force field was obtained for the three structures of CQA after adjusting the force constants obtained theoretically to minimize the difference between the observed and calculated wavenumbers. Also, the principal force constants for the stretching and deformation modes of CQA were determined. The NBO and AIM analysis confirm the O-H and N-H bonds in the three conformers of CQA while the HOMO-LUMO study shows that the Cl atom increases the reactivity of CQA, as compared with 2-(quinolin-8-yloxy) acetic acid. Supplement   Table S1 . Definition of natural internal coordinates for (5-chloro-quinolin-8-yloxy) acetic acid compound.
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Mode
Internal coordinate Definition
Abbreviations:, stretching;  deformation in the plane;  deformation out of plane; wag, wagging; torsion;  R , deformation ring;  R , torsion ring; , rocking; twis, twisting; , angular deformation; , deformation; a, antisymmetric; s, symmetric; A1, Ring 1; A2, Ring 2. Table S2 . Calculated total energy (E) and dipolar moments for the structures of (5-chloro-quinolin-8-yloxy) acetic acid at different theory levels.
(5-chloro-quinolin-8-yloxy) acetic acid Figure S1 . Comparison between the infrared experimental spectrum of (5-chloro-quinolin-8-yloxy) acetic acid (upper) with the calculated infrared spectra (bottom) for C I , C II and C III conformers from B3LYP/6-31G* wavenumbers and intensities using Lorentzian band shapes (for a population relation C I , C II and C III of 1:1:1 for each conformer).
